Abstract
Introduction
Current antiretroviral (ARV) treatment regimens effectively suppress HIV replication, but are unable to cure infection. Viral persistence in long term cellular reservoirs leaves even welltreated individuals with a lifelong commitment to drug regimens, burdened by co-morbidities such as cardiovascular disease and neurocognitive disorders, and exposed to the negative social issues that come with being HIV-positive [1] [2] [3] . The development of therapeutic strategies capable of eradicating virus from individuals would greatly improve the lives of people living with HIV/AIDS.
Achieving viral eradication will be a complex task, involving the elimination or inactivation of virus that persists in multiple reservoirs, particularly in resting CD4 + T-cells, a major reservoir that will need to be addressed as part of any curative strategy. While in a quiescent state, HIV-infected resting CD4 + T-cells do not spontaneously produce virions and express little or no HIV antigen, and thus are neither killed by viral cytopathic effects, nor effectively targeted by immune effectors [4] [5] [6] [7] . Rather, they persist as a stable reservoir that decays with a half-life of 44 months in ARV-treated individuals [8, 9] , and which can re-seed systemic infection upon ARV interruption. The "shock-and-kill" paradigm proposes to combine a latency-reversing agent (LRA) with immune effectors, such as CD8 + cytotoxic T-lymphocytes or NK cells, to selectively eliminate HIV-infected resting CD4+ T-cells [10] . The discovery and validation of LRAs has been approached using a number of different models of latency, and with diverse methods of assessing viral reactivation, leading to some debate over the effectiveness of many of these compounds [11] . The most prominent class of LRAs under exploration is the histone deacetylase inhibitors (HDAC inhibitors), which include SAHA (suberoylanilide hydroxamic acid or vorinostat), romidepsin, and panobinostat. While each of these HDAC inhibitors clearly induce the production of both viral RNA and protein from a number of cell line models of HIV latency, including ACH2 cells [12, 13] , their impact on latency in primary human cell models is less clear. For example, while some studies have demonstrated that SAHA induces the expression of viral proteins (or reporter genes) in primary cell models [12, [14] [15] [16] [17] , others have observed the induction of viral RNA without detectable translation [15] . Similarly, while all three HDAC inhibitors have been shown to increase levels of HIV transcripts in ex vivo patient samples, the majority of studies have reported a lack of detectable virion production following treatment with SAHA and panobinostat, though virion production is induced at low levels by romidepsin [11, [17] [18] [19] [20] . The disconnect between HIV transcription and translation may be at least partially attributable to the production of 'readthrough transcripts' comprising host genes with integrated HIV sequence that is not bound for translation [19] . These complexities have implications for the interpretation of clinical trials. For example, whereas the administration of SAHA to ARV-treated HIV-infected subjects resulted in increased levels of cell-associated HIV transcripts [21, 22] , it is not clear that this was indicative of the induction of the HIV antigen expression needed for immune targeting of infected cells for elimination.
While induction of cell-associated HIV RNA may be insufficient for an effective LRA, requiring an LRA to induce viral particle production may be in excess of what is needed, in particular for CD8 + T-cell-based shock-and-kill approaches. T-cells can detect even a single MHC-peptide complex on a cell surface [23] , and thus T-cells should be able to eliminate targets that translate very small amounts of HIV antigens, not necessarily associated with cellular activation or the production of detectable virions. The most clinically desirable LRAs may fall below this latter threshold, both because LRAs that induce virion production tend to be associated with high levels of bystander T-cell activation [19] , and because the induced release of infectious virions may not be ideal, even under the cover of ART.
In this study, we present a novel approach utilizing HIV-specific CD8 + T-cell clones as biosensors to detect HIV latency reversal, thus incorporating a threshold of detection that is intrinsically relevant to CD8 + T-cell-based shock-and-kill eradication strategies. This is analogous to the commonplace use of monoclonal antibodies to detect proteins, with the additional advantage that, upon detecting intracellular antigen expression, CD8 + T-cells amplify this signal by the production of substantial amounts of cytokines, which can in turn be detected by ELISA. Using this method, we identify IL-15, two IL-15 superagonists (IL-15SA-generating by mixing recombinant IL-15 and IL-15Rα-FC and ALT-803 -a compound comprising a human IL-15N72D mutein bound to the human IL-15RαSu/Fc-see Discussion), IL-2, prostratin and Pam 3 CSK 4 as LRAs that prime latently-infected targets for recognition by CD8 + T-cells. We further show that ALT-803, which is currently in a number of clinical trials for solid tumors and haematological malignancies, directly enhances the abilities of HIV-specific CD8 + T-cell clones and ex vivo bulk CD8 + T-cells to eliminate HIV-infected cells.
Results

HIV-specific CD8 + T-cells do not exhibit detectable recognition of latently-infected resting CD4 + T-cells in a primary cell model of latency
Although it is generally assumed that the induction of HIV antigen expression by an LRA will be needed to facilitate immunological clearance of infected resting CD4 + T-cells [10] , this has not been formally tested. HIV transcripts, including processive polyadenylated HIV mRNAs are detectable in ex vivo purified resting CD4 + T-cells from ARV-treated patients [24] . Given the high sensitivity of CD8 + T-cells, it is plausible that sufficient antigen expression may occur in a latently-infected cell to trigger an immune response. It has also been suggested that the expression of particular HIV antigens, such as Gag, may persist even in an otherwise latent state [25, 26] .
To test this, we generated a panel of three representative HIV-specific CD8 + T-cell clones targeting Gag, Tat, and Nef, one CMV-pp65-specific clone, and one human endogenous retrovirus K (HERV-K)-specific CD8 + T-cell clone from HIV-infected subjects. We have previously demonstrated that this HERV-K-specific CD8 + T-cell clone specifically responds to and eliminates HIV-infected target cells due to the induction of HERV-K antigen expression by HIV [27, 28] . We utilized a primary cell model of HIV latency where CCL19-treated resting CD4 + T-cells were directly infected with HIV followed by removal of activated cells. This is a modified version of a previously described model, commonly referred to as the "Lewin model" [16] , with the distinction that the Lewin model depletes activated CD4+ T-cells prior to HIV infection, whereas we depleted activated CD4+ T-cells after HIV infection, immediately prior to use in downstream assays. These target cells showed little to no HIV-Gag expression in resting CD4 + T-cells (Fig 1A) , but expressed Gag protein detectable by intracellular staining following treatment with LRAs including IL-15 and prostratin (Fig 1B and 1C) . HIV-Gag staining in cells which were stimulated with anti-CD3/CD28 and then infected with HIV is shown for comparison (Fig 1A) . A subset of LRAs were further capable of inducing p24 protein detectable in the supernatant of treated latently-infected cells (Fig 1D) . These latently HIV-infected or mock-infected target cells, as well as productively HIV-infected cells (anti-CD3/CD28 stimulated), were co-cultured with autologous CD8 + T-cell clones to assess the presentation of HIV antigens. CD8 + T-cell recognition of infected target cells was assessed by degranulation (exposure of CD107a) and by production of IFN-γ following a 16 hour co-culture. We observed that each of the HIV-specific CD8 + T-cell clones as well as the HERV-K-specific clone responded to productively-infected cells, while responses to latently-infected cells were not detected (Fig  2A and 2B) . As expected, a CMV-pp65-specific clone did not respond to any of these targets. These data indicate that latently infected cells in this model are refractory to CD8 + T-cell recognition as measured by this assay.
A subset of putative LRAs prime latently-infected cells for CD8 + T-cell recognition
We next evaluated the abilities of different LRA to sensitize these latently infected cells for CD8 + T-cell recognition. We established co-cultures of HIV-Gag-or CMV-pp65-specific CD8 + T-cell clones with autologous latently-infected target cells and candidate LRAs. In order to avoid the use of brefeldin A, which would prevent MHC-I presentation of reactivated viral antigens, we utilized CD137 as a marker of CD8 + T-cells that had recognized targets. CD137, also known as 4-1BB is a member of the tumor necrosis receptor family that is specifically upregulated on CD8 + T-cells following antigen recognition [30] . ARVs were added to cultures to prevent virus propagation. We observed little to no recognition of latently-infected cells by the HIV-Gag-specific CD8 + T-cell clone in the absence of LRAs over a 24 hour co-culture. (Fig  2C, upper panel) . The addition of IL-15, IL-2, or prostratin to co-cultures (left in for duration of 24 hour co-culture periods) led to CD8 + T-cell recognition, as measured by upregulation of CD137 on CD8 + T-cells, while the addition of the histone deacetylase inhibitor (HDACi)
SAHA did not ( Fig 2C, upper panel) . Upregulation of CD137 was not observed in any of these conditions on the CMV-pp65-specific CD8 + T-cell clone ( Fig 2C, lower panel) . Thus, IL-15, IL-2, and prostratin induced the expression of HIV antigens from latently-infected cells in this primary cell model, as indicated by specific recognition by HIV-specific CD8 + T-cells.
To confirm and extend these results to additional LRA candidates, we employed an assay that utilizes IFN-γ production from co-cultures as a measure of CD8 + T-cell recognition. Two
variations on this assay were tested, one where LRAs were added for the duration of the co-cultures, and a second where targets were pre-treated with LRAs, which were washed out prior to co-culture in order to minimize potential effects of these agents on effector cells [31] . Results from an experiment without a wash-out step are presented in Fig 3. We selected an HIV-Gag-SLYNTVATL (SL9) specific CD8 + T-cell clone that exhibited robust degranulation (CD107a) and IFN-γ production in response to its cognate peptide, and used autologous CD4 + T-cells from the infected donor ( Fig 3A) . Levels of cell associated HIV DNA were measured in target Fig 3B) . A lack of IFN-γ production was observed from the CMV-pp65-specific T-cell clone in all co-culture conditions, further supporting that the effects observed with the HIV-Gag-specific T-cell clone were driven by HIV antigen recognition. Interestingly, we observed a similar pattern of IFN-γ production by the HIV-Gag-specific T-cell clone in response to uninfected (i.e: non-super-infected) cells as compared to JR-CSF-infected cells, though much lesser in magnitude, with IL-2 and IL-15 treatment associated with elevated levels of IFN-γ (p < 0.001 for comparisons between both IL-2 and IL-15 with no treatment. This could be interpreted either as indicating that these LRAs induce some level of spontaneous release of IFN-γ or, since target cells were from an ARV-treated HIV-infected subject, as indicating low-level recognition of the natural HIV reservoir following LRA treatment. Some initial support for the latter hypothesis can be drawn from the observation that in this same experiment, treatment with IL-2 and IL-15 was not associated with spontaneous cytokine production from the CMV-pp65-specific T-cell clone. More in depth analysis supporting this latter hypothesis are presented below. In this experiment, we also observed a lesser amount of IFN-γ production in co-cultures of the HIV-Gag-specific T-cell clone and infected targets in the presence of SAHA as compared to the no treatment control. This is consistent with our previous observations that SAHA suppresses IFN-γ production from T-cells in experiments where the drug is left in [31] . We then tested the combination of an IL-15 superagonist (comprising IL-15 bound to a soluble form of the IL-15 receptor α chain) with SAHA. In line with the previous experiment, we observed that SAHA treatment resulted in diminished IFN-γ production as compared to no treatment, while the IL-15SA drove enhanced IFN-γ production. The latter effect was abrogated when IL-15SA was combined with SAHA, supporting that this drug suppressed IFN-γ production from the T-cell clone (Fig 3C) . Thus, the results of these experiments represent the net effects of candidate LRAs on the target cells (latency reversal) and on the T-cell clone (modulation of function).
To isolate the effects of candidate LRAs on latently-infected cells, we modified our experimental protocol to include a step to wash out drugs prior to the addition of CD8 + T-cells. Resting CD4 + T-cells were cultured with LRAs for 72 hours, and were then washed three times to remove the drugs. Washed cells were then co-cultured with HIV-specific or CMV-specific activated cells as those expressing at least one of CD69, HLA-DR, or CD25 based on a study that defined CD4+ T-cells with the triple-negative phenotype as quiescent [29] . In parallel, CD4 + T-cells were activated using anti-CD3/anti-CD28 antibodies and infected with HIV (productively infected + T-cells due to insufficient cell numbers, as were replicates of MHC-I mismatch conditions for the HERV-K-Env-specific CD8 + T-cell clone. CD107a exposure by an HIV-specific CD8 + T-cell clone was only induced by productive HIV infection. C. In a separate experiment, latently-infected target cells were prepared in the same manner as A, rested for 72 hours, and then combined with an autologous HIV-Gag-specific CD8 + Tcell clone (upper panels) or an autologous CMV-pp65-specific CD8 + T-cell clone (lower panels) for a 24 hour co-culture period. Candidate latency-reversing drugs were added as indicated above the corresponding panels, and left in for the duration of co-cultures. Shown are flow cytometry data gated on CD3 + CD8 + lymphocytes and depicting CD137 (4-1BB)-y-axis by CD8 x-axis. CD137 expression by an HIV-specific CD8 + T-cell clone was induced following treatment with IL-15, IL-2, and prostratin, but not SAHA.
doi:10.1371/journal.ppat.1005545.g002 A. An HIV-Gag-SLYNTVATL (SL9) specific CD8 + T-cell clone was isolated from subject OM9. To confirm specificity, this clone was co-cultured with an autologous B lymphoblastoid cell line (BLCL) that had been pulsed with 1 μg/ml of SL9 peptide or with an unpulsed control. Shown are flow cytometry data gated on CD8 + lymphocytes, depicting CD107a staining (degranulation)-y-axis by IFN-γ -x-axis. These data indicate that the CD8 + T-cell clone to be used in subsequent panels was highly specific. B. CD4 + T-cells latently infected with HIV-JR-CSF, or mock infected, as described in Fig 1, using leukapheresis material autologous to the CD8 + T-cell clone in A. Total and integrated HIV DNA were quantified by qPCR. These cells were treated with the indicated drugs at the following concentrations: IL-2 1.3 nM, IL-7 1 nM, IL-15 1.4 nM or SAHA 500 nM for 72 hours in the presence of nevirapine. These concentrations of IL-2, IL-7, and IL-15 equate to 20 ng/ml, and were selected based on concentrations used in previous studies of latency reversal [32, 33] . Target cells were then co-cultured with the HIV-Gag-specific CD8 + T-cell clone from A for an additional 72 hours. Shown are IFN-γ levels quantified in supernatants (mean ± SEM). These results indicate that IL-2 and IL-15 primed latently-infected cells for recognition by CD8 + T-cells. C. An experiment was setup in an identical manner to B, co-culturing with an HIV-Gag-SL9-specific CD8 + T-cell clone in the presence of the indicated single of combinations of drugs at the following concentrations: SAHA 500 nM; IL-15SA 1.4 nM. Shown are mean ± IFN-γ quantifications (ELISA). inhibitors panobinostat and romidepsin;, and hexamethylbisacetamide (HMBA) which has been reported to induce the expression of latent HIV through chromatin remodeling [35, 36] . In this and subsequent experiments we also utilize the drug ALT-803, an IL-15 superagonist that is currently in clinical trials (see discussion). This change from using IL-15SA to ALT-803 was motivated by a desire to ensure that any results could be rapidly translated to the clinic. Using an HIV-Gag SLYNTVATL-specific CD8 + T-cell clone, we observed that IL-2, IL-7, IL-15,
ALT-803, Pam 3 CSK 4, and prostratin each facilitated CD8 + T-cell recognition of cells that had been latently-infected by the HIV molecular clone JR-CSF, which contains the targeted epitope, while panobinostat, HMBA, SAHA, and romidepsin were not associated with CD8 + T-cell recognition ( Fig 4A) . The specificity of the assay was supported by the lack of appreciable recognition of target cells by a CMV-specific CD8 + T-cell clone following treatment with any of the LRAs tested ( Fig 4A, right panel) . As in the previous experiment in which drugs were not washed out (Fig 3) , we did observe some recognition of cells not infected with JR-CSF, and also of cells infected with an escape mutation in the targeted SLYNTVATL epitope, following treatment with a subset of LRAs, including IL-2, and IL-15. Again, this was not observed with the CMV-specific T-cell clone, suggesting recognition of the autologous patient reservoir following treatment with these LRAs rather than non-specific production of IFN-γ in response to these cytokines. This is further tested below. Applying our latency reversal T-cell recognition assay to a set of 5 HIV-specific CD8+ T cell clones (with autologous targets) we observed that IL-2, IL-15, ALT-803, Pam 3 CSK 4 , and prostratin primed infected targets for CD8 + T-cell recognition, while HMBA, SAHA, and panobinostat did not (Fig 4B) . We observed significantly less IFN-γ production from CD8 + T-cell cocultured with romidepsin-treated cells than untreated controls. We interpret this as indicating that romidepsin was released from target cells (despite washing), suppressing CD8 + T-cell clone function as we have previously described [31] , which confounds results for this particular LRA. Together, these data identify IL-2, IL-15, ALT-803, Pam 3 CSK 4 , and prostratin as LRAs that consistently prime latently-infected cells for HIV-specific CD8 + T-cell recognition in this in vitro model system.
Detection of ALT-803 reactivated cells from the natural reservoir by HIVspecific CD8+ T-cells
In the experiments depicted in Figs 3 and 4 we observed low levels of HIV-specific T-cell recognition of autologous CD4 + T-cells that had not been superinfected with HIV, following treatment with a subset of latency-reversal agents. We hypothesized that this represented recognition of the natural patient HIV reservoir rather than non-specific LRA-induced IFN-γ production, and this was supported by the observation that a parallel effect was not observed with CMV-specific T-cell clones. To further test this hypothesis, we next determined the ability of an HLA-A02-restricted HIV-Gag-SLYNTVATL-specific CD8 + T-cell clone to sense the latency reversal in the natural reservoir in ex vivo CD4 + T-cells from HLA-A02 + and HLA-A02 -donors, following treatment with an LRA. As these experiments are very intensive in terms of cell numbers, we focused on a single LRA. We opted to focus on ALT-803 having shown that this functions as an LRA, and because this drug is a viable clinical candidate with an established safety record in cancer patients, and a clinical trial is planned for ARV-treated HIV-infected patients (NCT02191098). Target A subset of latency-reversing agents primes latently-infected CD4 + T-cells for CD8 + T-cell recognition in a pulse-wash assay. Latentlyinfected resting CD4 + T-cell targets were prepared as in Fig 1, using cells from three different HIV-infected subjects: OM9, OM292, OM265. Cells were infected with HIV-LAI, HIV-LAI-SL9-escape (three mutations in epitope), or mock infected. Specificities of the following CD8 + T-cell clones were confirmed by degranulation assays (CD107a): HIV-Gag-RV9 (OM292), HIV-Env-VL9 (OM292), HIV-Gag-SL9 (OM265), HIV-Pol-TY9 (OM265), CMV pool (OM265), and HIV-Gag-SL9 (OM9). Target cells were plated in ARVs and treated with the following concentrations of putative LRA for 56 hours: no treatment, 0.5% DMSO, 0.5 mM HMBA in 0.5% DMSO, 6.7 μM Pam 3 CSK 4 , 500 nM SAHA in 0.5% DMSO, 25 nM romidepsin, 25 nM panobinostat, 1.3 nM IL-2, 1 nM IL-7, 1.4 nM IL-15, 1.4 nM ALT-803, 39 nM prostratin. These concentrations of IL-2, IL-7, and IL-15 equate to 20 ng/ml, and were selected based on concentrations used in previous studies of latency reversal [32, 33] . The concentration of ALT-803 was set equimolar to IL-15. Concentrations of the HDAC inhibitors were selected based on previous reports indicating latency reversal without substantial toxicity to resting CD4 + T-cells [17, 31, 37] . The concentration of prostratin was selected to be on the low end of its active range against HIV latency to challenge the sensitivity of the assay. Target cells were then washed 3x to remove LRAs, and CD8 + T-cell clones were added. Following a 16 hour CD8 + T-cell + target cell co-culture, supernatants were harvested for IFN-γ ELISA. A. Shown are mean ± SEM IFN-γ ELISA data for an HIV-Gag-specific CD8 + T-cell clone (left) and a CMV-pp65-specific CD8 + T-cell clones (right). In each panel, the drugs to the left of the dotted vertical line were dissolved in 0.5% DMSO and thus are comparable to the DMSO control while those to the right of the dotted vertical line are in PBS (Il-2 HLA-A02-target cells. These results demonstrate the feasibility of utilizing HIV-specific CD8 + T-cell clones as sensors for latently reversal in the natural patient reservoir. They confirm that ALT-803 induces detectable antigen expression from these patient samples to a level that allows these cells to be targeted by HIV-specific CD8 + T-cells.
We next confirmed HIV latency-reversal by ALT-803 using more conventional assays. We first utilized a primary cell model of viral latency, where naïve CD4 + T-cells were activated with anti-CD3/CD28 magnetic beads, infected with a single round recombinant env -HIV virus containing a firefly luciferase reporter gene (fluc) in place of nef, and allowed to return to a quiescent state [17] . These resting cells were then treated with LRAs, and viral reactivation was measured by luciferase activity. We observed that both ALT-803 and IL-15 reversed HIV latency in this model, with maximal effects observed with as little as 1 nM of each agent ( Fig  6A) . Latency reversal was also observed with higher concentrations of SAHA or romidepsin as has been previously reported [17] . The cytotoxicity of these compounds in these cells was tested in parallel using a luminescent cell viability assay (see Methods). Whereas the concentrations of romidepsin and SAHA required for latency reversal were associated with cytotoxicity, we did not observe any loss in cell viability with either IL-15 or ALT-803 (Fig 6B) . We next tested the ability of ALT-803 to reactive latent virus from ex vivo peripheral blood mononuclear cells (PBMCs) from ARV-treated HIV-infected subjects. In PBMCs from 10 out of the 11 ARV-treated HIV-infected participants that were tested, ALT-803 at 1 nM induced significantly higher levels of supernatant viral RNA compared to the DMSO control after 7 days of culture (Fig 6C) . Overall, ALT-803 induced HIV at a median of 10.4-fold compared to DMSO (Fig 6D) , a level that was 14.4% of stimulation with the mitogen PMA plus ionomycin (Fig 6D) . These data corroborate our CD8 + T-cell-based assays in identifying ALT-803 as an LRA. The treatment conditions associated with latency reversal resulted in a modest amount of activation of CD4 + T-cells as measured by CD69 upregulation (Fig 6E) , but did not result in detectable proliferation of CD4 + T-cells (Fig 6F) , nor in expansion of the viral reservoir as measured by cell-associated HIV DNA (Fig 6G-6I) . Thus, in vitro, ALT-803 reactivates HIV expression from natural patient-derived reservoirs at conditions associated with only modest amounts of T-cell activation and no induction of proliferation or reservoir expansion.
ALT-803 enhances CD8 + T-cell killing of productively HIV-infected cells
Having isolated the effects of LRAs on priming target cells for recognition, we next sought to further prioritize candidate LRAs based their impact on CD8 + T-cell function. In previous work, we demonstrated that the HDAC inhibitors panobinostat and romidepsin can impair multiple functions of HIV-specific CD8 + T-cells in vitro, including IFN-γ production and killing ability [31] . In that same study, we had observed that IL-15 and ALT-803 enhanced HIVspecific T-cell responses by ex vivo IFN-γ ELISPOT. Thus, it is likely that the high levels of IFN-γ production observed in Fig 3, when IL-15 was added to co-cultures of latently-infected cells and HIV-specific CD8 + T-cell clones, was the net result of both the induction of antigen expression and the enhancement CD8 + T-cell function.
To clarify this possibility, we directly assessed the impact of LRAs on the abilities of CD8 + T-cell clones to kill productively infected cells. The T-cell clones were maintained in IL-2, thus most LRAs were tested in combination with this cytokine. Following 16 hours of culture in the absence of IL-2, CD8 + T-cells exhibited negligible abilities to kill infected targets (Fig 7A and  7B) . Both IL-2 and ALT-803 were able to enhance CD8 + T-cell function resulting in dosedependent elimination of infected targets, though no additive effect with both compounds was observed. The additions of either prostratin or romidepsin to IL-2 abrogated CD8+ T-cell killing, while Pam 3 CSK 4 enhanced killing (Fig 7A and 7B) . ALT-803 induces HIV transcription from both a primary cell model of latency and from ex vivo patient samples. Primary CD4 + T-cells from healthy donor PBMC were activated, infected with a luciferase reporter HIV virus, and allowed to return to a resting state. This is similar to a post-activation latency model that has been previously described [17] with additional minor modifications (see Methods). After 1 week, infected cells were treated with the agents at concentrations indicated for 2 days. A. Shown are luminescence values from luciferase, indicating dose-dependent HIV reactivation by each of the compounds tested. B. Compound associated cytotoxicity was determined in latently-infected cells in parallel with the virus activation assay using Cell Titer Glo (CTG) Dose dependent cytotoxicity was observed with SAHA and romidepsin but not with IL-15 or ALT-803. C and D. PBMC were isolated from HIVinfected subjects who had been suppressed by ART for at least 2 years. Cultures were maintained in the presence of ARVs. Either 1 nM of ALT-803 or 5 ng/ ml PMA + 500 ng/ml ionomycin were added for 7 days. HIV activation was measured by quantitating viral RNA in cell-free supernatant using COBAS qPCR. C. The geometric mean of viral copies/ml for each donor are indicated for control (DMSO) and ALT-803 treated wells, following 7 days of treatment. D. The fold HIV activations of all donors are plotted as the ratio of the viral copies/ml for ALT-803 treated or PMA/ionomycin treated to control wells. These results indicate that ALT-803 reactivates virus from the natural patient reservoir, though to a lesser degree than PMA/ionomycin. E-I. Cryopreserved CD4 + T-cells from ARV-treated HIV-infected subjects were thawed, CFSE-labeled, and treated with either 1 nM ALT-803 or 200 ng/ml of PHA for 7 days in the presence of ARVs. E. Activation of CD4 + T-cells within PBMCs was measured at day 7 by flow cytometry, gating on CD3 + CD4 + T-cells and assessing CD69 expression.
An important caveat of the above experiment is that CD8 + T-cell clones are grown in IL-2, and thus the 'enhanced' elimination observed with IL-2 and ALT-803 may be due more to the effects of cytokine deprivation in the no treatment condition. To move towards a more physiologically relevant scenario, we tested the impact of LRAs on killing of infected cells by bulk autologous ex vivo This concentration is likely to be pharmacologically achievable, as non-human primates were found to tolerate ALT-803 at a C max of 25 nM (Rhode et al. in press). Whereas Pam 3 CSK 4 strongly enhanced the elimination of HIV-infected cells by HIV-specific CD8 + T-cell clones, no effect was observed with ex vivo CD8 + T-cells (see discussion).
Discussion
Our study is based on the premise that, in facing the challenge of eradicating HIV infection, effectively harnessing the host immune response is likely to be paramount. From this vantage, immune effectors should be integrated into early stages of evaluating potential latency reversal strategies, with the optimal LRA being one that achieves a sufficient threshold of reactivation (submaximal) to expose infected cells to the immune system, and enhances the abilities of immune effectors to eliminate these cells. In a primary cell model, we identified four compounds that exposed latentlyinfected cells for recognition by HIV-specific CD8 + T-cells. In contrast, we were not able to observe recognition of latently-infected cells following treatment with HMBA or with HDAC inhibitors. As with all negative results, the latter observation comes with caveats, such as assay sensitivity. We also acknowledge the limitations of performing these experiments in a primary CD4 + T-cell model of latency, rather than against the natural reservoir. These results should, however, contribute to the ongoing discussion regarding the degree of latency reversal that is achieved by HDAC inhibitors. Based on our data, inefficient induction of antigen presentation by HDAC inhibitors should be considered as a potential contributing factor underlying the observation that, thus far, clinical trials of these drugs have not achieved reductions in viral reservoirs. Intriguingly, our data support that IL-15/ALT-803 and IL-2 also prime the natural reservoir in ex vivo CD4 + T-cells for recognition by autologous HIV-specific CD8 + T-cells. This was an unexpected result, given that, although on the order of 1,000/10 6 resting CD4 + T-cells harbor an HIV provirus in a typical ARV-treated subject, only in the range of 1/10 6 of these harbor an intact inducible virus that can re-seed infection in viral outgrowth assays [6] . If it were only this latter population that served as a source of potential antigens, it would not be plausible that these could give rise to the observed signals. A potential explanation comes from a recent study that demonstrated the presence of 'intact non-induced' HIV proviruses that do not re-seed infection in a single round of a viral outgrowth assay and which substantially outnumber 'intact induced' proviruses in the majority of subjects [38] . Additionally, it has been reported that defective proviruses containing deletions (which comprise the majority of proviruses) can be expressed as proteins [39] . Thus, we propose that the observed recognition of the natural reservoir by HIV-specific CD8 + T-cell clones is a result of LRA-induced antigen expression from a spectrum of provirus-harboring cells, not just those with intact inducible provirus. Of the five agents that primed resting CD4 + T-cells for CD8 + T-cell recognition, prostratin impaired the ability of an HIV-specific T-cell clone to eliminate HIV-infected cells, while enhanced killing was observed with IL-2, ALT-803, and Pam 3 CSK 4 , highlighting the potential of each of these as LRAs in shock-and-kill HIV eradication strategies. In line with our results, each of these three agents has been shown to enhance T-cell function in multiple systems, including in vivo infectious disease and cancer models [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . When we utilized bulk ex vivo CD8 + T-cells (rather than clones) as effectors, ALT-803 was the sole agent that significantly enhanced elimination of infected cells, and thus stands out in our study as holding particular promise for CD8 + Tcell based shock-and-kill HIV eradication strategies. To achieve viral reservoir reductions in patients it may be important to perform trials in subjects with potent HIV-specific CD8 + T-cell responses against non-escaped epitopes, for example, in subjects treated early post-infection and for a limited duration [54] , or in combination with therapeutic vaccination. Future work will seek to resolve the apparent disconnect between the ability of Pam 3 CSK 4 to potently enhance elimination of infected cells by HIV-specific CD8 + T-cell clones, but not by ex vivo CD8 + T-cells from the subject that we tested. We propose that this effect may have been due to the higher baseline activation state of the clones, as the TLR-2 receptor is known to be upregulated on activated CD8 + T-cells [55] . Although not a primary conclusion of the current study, the data presented in Fig 7 does touch on the potential for the HDAC inhibitor romidepsin to impair T-cell function in vitro, as reported by us previously [31] . In our previous study, the HDAC inhibitor vorinostat exhibited little to no inhibition of T-cell function in vitro (depending on the assay tested), while the effects of romidepsin were consistent and pronounced. A series of clinical studies have since reported convincing data indicating a lack of impairment of ex vivo HIV-specific T-cell responses following in vivo administration of vorinostat to ARV-treated subjects [21, 56] . Further work is required to determine whether the romidepsin impairs HIV-specific T-cell responses in vivo. In a recent study, trends towards decreases in frequencies of HIV-specific IFN-γ producing cells were observed in romidepsin-treated individuals, however these were not statistically significant with n = 5. As with our previous work, our observations are limited to in vitro assays and we hope will serve to motivate further CD8 + T-cell measures in ongoing in vivo studies.
ALT-803 is an IL-15 superagonist complex, comprised of a human IL-15N72D mutein bound to the human IL-15RαSu/Fc [57] . Complexes of IL-15 bound to the IL-15Rα (IL-15:IL-15Rα) exhibit increased affinity of the IL-15 to the IL-2Rβ chain expressed by natural killer (NK) and Tcells [58] . Compared with native IL-15, the soluble IL-15N72D:IL-15RαSu/Fc complex (ALT-803) has a significantly longer in vivo half-life (25 h vs. <40 min) and increased biological activity (>25-fold more active than IL-15) [58] . Previous in vivo studies have shown ALT-803 to be a potent immunostimulatory complex, promoting the activation and proliferation of NK cells and CD8 + T cells against cancer and infectious disease, with minimal induction of CD4 + T cell proliferation [46, 50, 52, 59, 60] . Currently, ALT-803 is in several clinical trials against solid and hematological tumors. (NCT01946789, NCT01885897, NCT02099539). In non-clinical studies, serum concentrations of ALT-803 up to 2.8 μg/ml (25 nM) were achieved in cynomolgus monkeys without inducing overt clinical toxicity. Evaluations are currently underway to determine whether ALT-803 can be tolerated by patients at a similar dose. In addition to identifying specific promising compounds, our study presents a novel method that enables the screening of LRAs for CD8 + T-cell based shock-and-kill eradication strategies.
This assay requires the identification of CD8 + T-cells targeting epitopes that are not escaped in the autologous reservoir, and the generation of corresponding CD8 + T-cell clones. Once generated, these clones can be expanded and used extensively for multiple experiments. A recent report found that agents which exhibited a lack of detectable latency-reversing activity when tested on their own against patient samples, including SAHA and panobinostat, effectively synergized with other agents when tested in combination [19] . In future work it will be important to test the abilities of such combinations to enhance priming latently-infected cells for CD8 + T-cell recognition, and will determine if the most promising combinations of LRAs and CD8 + T-cells can eradicate the viral reservoir from natural patient-derived resting CD4 + T-cell reservoirs.
Materials and Methods
Ethics statement
HIV-infected individuals were recruited from the Maple Leaf Medical Clinic in Toronto, Canada through a protocol approved by the University of Toronto Institutional Review Board and from the Boston area (United States) under a protocol approved by the Institution Review Board at the Massachusetts General Hospital. Secondary use of the samples from Toronto was approved through the Massachusetts General Hospital Institutional Review Board. All subjects were adults, and gave written informed consent.
T-cell cloning and maintenance
CD8
+ T-cell responses in subjects were mapped by IFN-γ ELISPOT using 270 previously defined HIV optimal CD8 + epitopes restricted by common HLA alleles. For each response, PBMC were plated at 1x10 7 cells/well in a 24-well plate and stimulated with 10 μg/ml of peptide for 3 hours. T-cells that had produced IFN-γ in response to this stimulation were enriched using the IFN-γ secretion detection and enrichment kit (Miltenyi Bioetc) following the manufacturer's instructions. These cells were plated at a series of dilutions in 96-well plates with feeder medium (RPMI 1640 supplemented with 10% FBS and PenStrep [RPMI-10] with 1x10 6 cells/ml 5,000 rad irradiated PBMC + 50 U/ml IL-2 + 0.1 μg/ml each of anti-CD3 (OKT3, ebioscience), anti-CD28 (CD28.2, ebioscience). One month later, colonies were selected from the lowest dilution plate with positive wells (<1/5 of wells positive) and screened for responsiveness to peptide by IFN-γ ELISPOT. Positive clones were expanded bi-weekly with feeder medium. Clone specificities were confirmed by degranulation assay (CD107a flow cytometry) on the day prior to recognition/elimination/eradication assays (see for ex. Fig 3A) . Clones were washed extensively and resuspended in RPMI-10 media (no IL-2) prior to use in assays.
Production of HIV stocks
Two methods were used to generate HIV stocks for experiments in this study. 
HIV infections
Preparation of target cells. Direct infection latency model-total CD4 + T-cells were enriched from PBMC by negative selection (Easysep, Stemcell) following the manufacturer's instructions, treated with 25 nM CCL19 (R&D Systems) for three hours, and then were infected without further manipulations (depletions of activated cells were performed after infection, immediately before use in downstream assays). 'Productively' infected cells-CD4 + T-cells were enriched as above and then activated for 48 hours with 1 μg/ml each of anti-CD3 (OKT3, ebioscience), anti-CD28 (CD28.2, ebioscience), and 50 U/ml IL-2 (NIH AIDS reagent program). Infections. We used two different infection protocols in this study. In both cases, viral stocks were purified through a 20% sucrose cushion by centrifugation at maximal speed (20,800 x g) for 1 hour in a microcentrifuge at 4°C. Viral pellets were then resuspended in 1 ml of cold PBS and centrifuged as above. This wash step was repeated 3x and served to purify virus away from cytokines, particularly important for viral stocks that had been produced on activated primary CD4 + T-cells. bottom plate at 100 μl/well. The plate was then centrifuged at 800 x g for 5 minutes and placed on a magnetic plate (OZ Biosciences) for 1 hour at 37°C 5% CO 2 . The plate was then removed from the magnet, cells were washed 1x with RPMI-10 in 1.5 ml tubes, resuspended in 0.5 ml RPMI-10 in 24-well plates and returned to the incubator. Infections were monitored starting 18 hours later by surface staining with anti-CD4 APC (OKT4, Biolegend) and intracellularly with anti-HIV-Gag (Kc57, Beckman Coulter) following fixation/permeabilization using the BD cytofix/cytoperm system following the manufacturer's instructions. Method 2 -Spinoculation. In the remaining experiments we utilized a spinoculation method. Viral stocks were prepared in an identical manner but were not combined with ViroMag beads. Following addition of virus to CD4 + T-cells (1x10 6 cells/well in 96-well flat bottom plates) plates were centrifuged at 1,200 x g for 90 minutes at 4°C. Cells were then washed 1x with RPMI-10 in 1.5 ml tubes, resuspended in 0.5 ml RPMI-10 in 24-well plates and returned to the incubator. Infections were monitored as above.
Generation of direct infection primary cell latency model. Direct-infection latency model target cells were prepared as above. Immediately prior to the initiation of assays, cells were stained with pooled PE conjugated antibodies directed against CD69, CD25, and HLA-DR (all from Biolegend, stained at 5 μl antibody in 100 μl 1% FBS PBS buffer). Cells were then washed, labeled with anti-PE microbeads (Miltenyi Bioetc) following the manufacturer's instructions, and depleted of labeled cells using an AutoMACS system.
Latency reversing agents
Suberoylanilide hydroxamic acid (SAHA) (Sigma-Aldrich), prostratin (Sigma-Aldrich), romidepsin (Selleckchem), panobinostat (Selleckchem), and hexamethylene bisacetamide (HMBA) (Sigma-Aldrich) were dissolved in hybrimax DMSO (Sigma-Aldrich) at the indicated concentrations. IL-7, IL-15, and IL-2 were purchased from R&D Systems and dissolved in sterile PBS. IL-15SA was generated by dissolving IL-15 and IL-15Rα-Fc (R&D Systems) in sterile PBS and combining these in equimolar ratios. Stocks of the above reagents were flash-frozen in singleuse aliquots in EtOH dry-ice baths. ALT-803 was obtained from Altor Bioscience Corporation and stored at 4°C.
Testing CD8
+ T-cell recognition of latently-infected versus productively infected CD4 + T-cells (Fig 2A & 2B) Latently-infected (direct-infection model) and productively-infected CD4 + T-cells were pre- Primary cell model latency reversal recognition assays CD137 flow cytometry assay. Latently-infected CD4 + T-cells were prepared as above and then 72 hours later were co-cultured with the indicated CD8 + T-cell clones and candidate LRAs for 24 hours in RPMI-10 medium 1 μM each 3TC, AZT, and nevirapine without Brefeldin A. Cells were then stained with fluorochrome conjugated antibodies to CD3, CD8, CD4, and CD137 (4-1BB) all from Biolegend. Cells were fixed in 2% paraformaldehyde and analyzed on a FACSCalibur instrument (BD) and Flowjo software (TreeStar). IFN-γ ELISA assay. LRA wash-out variation (Fig 4) -Latently-infected CD4 + T-cells were prepared as above and then 72 hours later added to 96-well round bottom plates at 100,000 cells/well in RPMI-10 medium with 1 μM each nevirapine and tenofovir. LRAs were added at the indicated concentrations and incubated for 72 hours. LRAs were then washed 3x, and medium was replaced with fresh RPMI-10 + nevirapine and tenofovir. CD8 + T-cell clones were washed 3x and added to these 96-well plates at 25,000 cells/well. Co-cultures were incubated for 16 hours and supernatants were harvested for IFN-γ ELISA. Continuous co-culture variation (Fig 3) -As above, except cells were treated with LRAs for 72 hours and then CD8 + T-cell clones were added for an additional 72 hours, without a prior wash-step.
Productively-infected cell killing assays
Primary CD4 + T-cells were enriched from PBMC by negative selection (Easysep, Stemcell Technologies) and then activated for 48 hours with 1 μg/ml each of anti-CD3 (OKT3, ebioscience) and anti-CD28 (CD28.2, ebioscience) in RPMI-10 supplemented with 50 U/ml IL-2. These cells were infected by a spinoculation method (see above). The following day, these target cells were co-cultured with effectors. Effectors were either: i) washed autologous CD8 + T-cell clones (taken at least 3 weeks post re-stimulation) at the indicated clone:target ratios (Fig 7A-7C washed and re-suspended in 1 ml of 2% FBS PBS. An aliquot was stained with antibodies to CD3, CD4, and CD8 for flow cytometry analysis (pre-selection sample), and the remaining cells were separated by passing over MS columns (Miltenyi Biotec), following the manufacturer's instructions. Post-selection samples were stained as above. The negative fraction of cells were stimulated with 0.71 nM ALT-803, or maintained as untreated controls for 72 hours in the presence of 1 μM each of tenofovir and emtricitabine in RPMI-10 medium. These target cells were washed, plated at 300,000 cells/well in a 96-well round bottom plate and then co-cultured with an HIV-Gag-SL9-specific CD8 + T-cell clone (20,000 cells/well) used 4 weeks post re-stimulation in the presence of 10 μg/ml of purified NA/LE anti-MHC-I (DX17, BD) or NA/ LE IgG 1 isotype control for 16 hours. IFN-γ in supernatants was quantified by ELISA (Biolegend).
Assessing ex vivo activation of HIV transcription from natural reservoir HIV-infected participants were selected based on sustained plasma viral load suppression (<50 copies/ml for >12 months), CD4 counts (>350 cells/μL), and absence of co-infection with hepatitis B or C virus. Clinical laboratory results were reconfirmed 2 weeks before leukapheresis or blood draw. Leukapheresis was conducted for 3-4 hours, and samples were processed within 2 hours after collection. The leukapheresis product was diluted 1:1 with PBS and layered over Ficoll for isolation of PBMCs. PBMCs were treated with red blood cell lysis buffer (eBioscience) and rested overnight (1 x 10 7 cells/ml) in RPMI-10. To assess HIV activation, 15 million
PBMCs were plated in 6-well plates in 5 ml of media, supplemented with antiretrovirals (ARVs) (100 nM elvitegravir and 100-300 nM efavirenz) for the entire duration of culture incubation. ALT-803 was added at 1 nM for 7 days. To measure HIV RNA levels, 1 ml of culture supernatant was analyzed by a robotic COBAS AmpliPrep/TaqMan system (Roche Diagnostics), which extracts total nucleic acid and quantifies HIV RNA in copies per milliliter using the HIV-1 Test, v2.0 kit (Roche Diagnostics).
Primary CD4 + T cell HIV latency model
Total peripheral blood mononuclear cells (PBMCs) were obtained from healthy HIV-negative donors by leukapheresis (AllCells, Inc, Emeryville, CA). Naive CD4 + T cells were purified by negative selection using EasySep magnetic beads (StemCells, Inc) and cultured in RPMI with 10% fetal bovine serum (FBS), penicillin/streptomycin, 1% nonessential amino acids (Life Technologies), 1% sodium pyruvate (Life Technologies) and 495 nM beta-mercaptoethanol (Sigma Aldrich) in a 37°C, 5% CO 2 incubator. Purified naive CD4 + T cells were activated by incubation with anti-CD3/CD28 magnetic Dynabeads (1 bead: 2 cells ratio, Life Technologies), 1 μg/ml anti-IL-4 (R&D Systems), 2 μg/ml anti-IL-12p70 antibodies (R&D Systems), and 10 ng/ml TGF-β (R&D Systems) for 3 days [61, 62] . Following the removal of anti-CD3/CD28 beads and antibodies, cells were maintained in 30 U/ml IL-2 (Life Technologies) for 2 days. Cells were then infected with NL4.3-Luc in the presence of 50 μg/ml DEAE for 3 hours. Cells were maintained in the continued presence of 30 U/ml IL-2 throughout the infection and subsequent rest period with culture medium with fresh IL-2 replaced every 2-3 days. Seven days post-infection, 20 μl of latently infected cells were dispensed into 384 well plates using a MicroFlo dispenser (Biotek Instruments) at 10,000 cells/well containing 100 nl of compound solutions delivered by the Echo acoustic-based liquid dispenser (Labcyte). After a 48-hour incubation, 16 μl/well BriteGlo (Promega) was added and luminescence measured using the Envision plate reader (Perkin Elmer).
Assessing toxicity of LRAs in post-activation primary cell model
Compound-associated cytotoxicity was determined in latently infected cells in parallel with the virus reactivation assay. Cells were incubated with compounds for 48 hours at 37°C, and cell viability was determined using Cell Titer Glo reagent (Promega).
Quantitative PCR
HIV viral RNA was quantified by real-time RT-PCR using a probe based method. Reactions were performed with AgPath-ID one-step RT-PCR mastermix (Life Technologies) following the manufacturer's instructions with the following primers/probes: HIV-pol-fprimer GCAC TTTAAATTTTCCCATTAGTCCTA, rprimer CAAATTTCTACTAATGCTTTTATTTTTTC, probe FAM-AAGCCAGGAATGGATGGCC-MGBNFQ. Absolute quantifications were established by comparison to a standard curve generated with linearized pUC57 plasmid standard with the insert GCACTTTAAATTTTCCCATTAGTCCTATTGAAACTGTACCAGTAAAA TTAAAGCCAGGAATGGATGGCCCAAAAGTCAAACAATGGCCATTGACAGAAGAAA AAATAAAAGCATTAGTAGAAATTTG. Reactions were performed and read by a Roche LightCycler 96 well system.
Droplet digital PCR
Genomic DNA was extracted using the Gentra Puregene kit (Gentra) following the manufacturer's instructions. For each sample, 5 μg DNA was digested with the BsaJI enzyme (NEB) in 1x NEB smartcut buffer. DNA was heated to 95°C for 10 minutes then chilled on ice before addition of the BsaJI enzyme. Digestions were performed for 1 hour at 60°C. DNA was then purified using the GeneJET PCR purification kit (Life Technologies). PCR reactions comprised 1x ddPCR Supermix for Probes (Bio-Rad), 18 μM each of primers, 5 μM probe, 10 units/ reaction BSAJI enzyme, and 0.2 μg DNA. Primers/Probes were: RPP30 -fprimer GATTTGGA CCTGCGAGCG, rprimer GCGGCTGTCTCCACAAGT, probe VIC-CTGAACTGAAGGCT CT-MGBNFQ; HIV-gag-fprimer TACTGACGCTCTCGCACC, rprimer TCTCGACGCAGG ACTCG, probe FAM-CTCTCTCCTTCTAGCCTC-MGBNFQ. Droplets were prepared using the QX100 Droplet Generator (Bio-Rad) following the manufacturer's instructions. Sealed plates were cycled using the following program: 95°C for 10 min; 40 cycles of 94°C for 30 s, 60°C for 1 min; and 98°C for 10 min. Reactions were analyzed using the QX100 Droplet Reader and number of template molecule per μl of starting material was estimated using the Quantalife ddPCR software.
Statistical analysis
Statistical analyses were performed using Prism software (Graphpad). The statistical tests used to calculate p values are indicated in the corresponding figure legends.
